INTRODUCTION
Barite sag is an unwanted variation in drilling fluid density after an extended period of static conditions. This problem is experienced frequently in Khuff and pre-Khuff gas wells in the Base Jilh Dolomite (BJD) formation. The Jilh formation is a dolomitic Middle Triassic tight zone that ranges from 8,000 ft to 10,000 ft true vertical depth (TVD) with abnormal saltwater pressure. Several factors add further complication to the problem of well control, such as uncertainty in predicting pore pressure, high temperature (300 °F), well deviation (leading to the Boycott settling phenomenon), drillpipe eccentricity and salt contamination of the drilling fluid. This high-pressure BJD formation requires a drilling fluid with a density up to 150 pcf. For high density fluids, achieving the right fluid formula with the right fluid rheology is difficult since excessive heat, dehydration and solids loading can deteriorate mud properties. The addition of weighting materials, such as barite (BaSO 4 ) or hematite (Fe 2 O 3 ), is needed to achieve the desired density to overbalance the well and avoid any possible flow from the formation; however, maintaining a high volume of solids content -of BaSO 4 particles or any other material -in suspension is challenging, especially for extended periods of time. The separation of weighting material particles -usually BaSO 4 from the mud leads to undesirable density fluctuation as the drilling fluid is being circulated throughout the hole. This phenomenon, often referred as barite sag, may lead to serious well control incidents, stuck pipe, lost circulation and nonproductive time.
Previous experience has shown that the barite sag phenomenon is attributed not only to mud-related problems but also to operation related practices 1 . Drillpipe eccentricity, stationary drillpipes, hole inclination and low annular velocities can dramatically increase barite sag 2 . Barite sag increases even faster as the hole angle increases to between 45° to 60°. This process was reported by Boycott in 1920, when he noticed that blood cells settled faster in inclined test tubes than in vertical tubes 3 . BaSO 4 , which has a specific gravity (SG) of 4.2 and a particle size with a D50 value of 20 µm, is the most widely used A successful kill fluid formulation for the overpressured Jilh formation has been achieved. The Jilh formation is a dolomitic Middle Triassic tight zone that ranges from 8,000 ft to 10,000 ft true vertical depth (TVD) with abnormal saltwater pressure that requires a kill fluid with a density up to 150 lb/ft 3 (pcf) to stop reservoir flow. The addition of weighting materials, such as barite (BaSO 4 ) or hematite (Fe 2 O 3 ), is needed for the kill fluid to achieve the desired density to produce hydrostatic pressure. Subsequently, maintaining a high volume of solids content -whether BaSO 4 particles or any other weighting material -in suspension is challenging, especially for an extended period of time. Failing to do so is a phenomenon described in the industry as static barite sag, and it may lead to serious well control incidents and lost circulation.
WEIGHTING AGENTS
Saudi Aramco has developed a new formula for kill fluids that have a high range of densities, up to 150 pcf, using BaSO 4 with manganese tetroxide (Mn 3 O 4 ). No similar formulations had been developed before, to the best of the authors' knowledge. Mn 3 O 4 has the properties of small particle size (D 50 = 1 µm), spherical shape and high specific gravity (SG) (4.95 g/cm 3 ) that make it a good weighting material, better able to reduce solids loading and settling compared to BaSO 4 (SG = 4.20 g/cm 3 and D 50 = 20 µm). Results show that the density variation between the upper and lower section of a well after 24 hours of vertical static condition is 5 pcf for the new formula (density = 150 pcf) compared to a variation of 13 pcf for the conventional formula that consisted of BaSO 4 only. When the drilling fluid is put in an inclined static condition for 24 hours, the density variation is 6 pcf for the new formula (density = 150 pcf), where the conventional formula shows a density variation of 17 pcf.
The experimental work in this article included testing of rheological properties, thermal stability, high-pressure/high temperature (HPHT) filtration and static sagging. This article also describes a field case with barite sagging in a high temperature well in the Jilh formation in Saudi Arabia fields, and the method of combining Mn 3 O 4 and BaSO 4 to develop a new kill fluid formulation for the well.
weighting material in drilling fluid due to its proven economics and ability to provide high density. One of the disadvantages of BaSO 4 is its low hardness, which causes it to create fine particles upon extensive shearing. This results in high gel strength values, formation damage and a rise in equivalent circulating density (ECD Manganese tetroxide (Mn 3 O 4 ) is another weighting agent that can be used to increase mud density. It has unique properties that make it preferable over the previously mentioned materials. Its small particle size (D 50 = 1 µm), spherical shape and high density (SG = 4.95) reduce solids loading and settling compared to BaSO 4 . It is also acid soluble, which reduces the risk of formation damage 4 .
The settling velocity for any spherical particle depends mainly on its size and density, assuming the viscosity of the fluid is the same. According to Stokes' law, the resulting terminal velocity or settling velocity of a spherical particle in a continuous viscous fluid is given in Eqn. 1: 
SOLIDS LOADING
The usual high density drilling fluid requires a large concentration of BaSO 4 to achieve the desired density. The increased numbers of solids lead to a high PV value, as well as excessive heat and dehydration. As the volume of solids in the drilling fluid goes up, the particles become more closely packed together and it becomes more difficult for them to move freely. This results in particle-particle interactions and an increase in viscosity. A colloidal sodium bentonite with large surface area is used as the primary fluid loss additive, to form a filter cake and to increase the mud viscosity 6 . Since potassium chloride (KCl) is added to the mud to inhibit shale formation, and KCl greatly reduces the effect of bentonite, the sodium bentonite needs to be pre-hydrated in fresh water.
The bentonite concentration should be high enough to have good fluid loss properties and to provide enough viscosity to carry the high volume of solids. Due to the presence of electrolytes (mainly KCl), however, particles approach each other and flocculate, producing a high attractive force. As a result, a gel structure builds up as the positively charged particles orient themselves to minimize the surface free energy 7 . The presence of electrolytes also changes the attractive/repulsive force, causing molecules of equal charges to approach each other and flocculate. Short-chain, negatively charged polymers, such as chrome-free lignosulfonates, can deflocculate the mud by neutralizing positively charged particles. For high density fluid, a high concentration of deflocculant should be added to avoid high gel values and high PV.
Several factors must be noted when designing the drilling fluid for a high-pressure/high temperature (HPHT) environment. The ECD value has to be minimized by minimizing the PV value, especially with high density fluids that require high solids loadings. The gel strength values have to be within an acceptable range: if the gel strength value is too low, particles will not be suspended and sag will occur, while a too high gel strength value will increase torque and drag, and may lead to stuck pipe. The weighting material should be hard enough to reduce fines creation. Also, the drilling fluid should minimize abrasion by using weighting materials with a minimum of coarse particles 4 .
Previous experience has shown that the practical upper limit in drilling fluids is roughly 46% solids volume 8 . Increasing the particle SG can shift the upper density limit (in lb/ft 3 or pcf) of a drilling fluid, as shown in Fig. 1 . As the volume of solids approaches or exceeds the 46% maximum, viscosity rises very steeply. For Mn 3 O 4 with its higher SG, the upper density limit is shifted to 178 pcf, while the upper density limit for BaSO 4 with a lower SG is 155 pcf. Mixing the two weighting agents shifts the upper density limit to 170 pcf. This density is sufficient for this specific drilling application and will also reduce the cost of using extra Mn 3 O 4 if that weighting material were used alone. More importantly, using Mn 3 O 4 as the only weighting agent also requires more expensive additives for HPHT fluid loss and rheology control.
CASE HISTORY
As mentioned earlier, the BJD formation was encountered while drilling into a gas reservoir in Saudi Arabia. The crew was drilling an 8⅜" hole with 102 pcf mud at 13,500 ft measured depth (12,760 ft TVD) when the well started flowing water and gas from the Jilh formation. The mud weight was increased to 117 pcf and circulated out the influx. The mud weight was then cut to 114 pcf after circulating bottom up. The well was shut-in at a recorded shut-in casing pressure (SICP) of 1,330 psi and a shut-in drillpipe pressure (SIDPP) of 1,300 psi. The mud weight was increased to 135 pcf and killed the well, while 10 strands of drillpipe were run in hole while circulating and conditioning the mud. The crew closed the well and circulated one complete hole volume through the full open choke. Then the hole was drilled from 13,500 ft to 13,515 ft. Dynamic losses of 120 barrels per hour (B/hr) were observed with a pumping rate of 500 gallons per minute (gpm). Finally, 100 bbl of a lost circulation material (LCM) pill was pumped while reducing the flow to 300 gpm, and that successfully cured the losses.
Drilling was resumed from 13,515 ft to 13,523 ft, and the well again started dynamically losing 120 B/hr. The crew pumped the LCM pill and shut-in the well. The recorded SICP was 1,000 psi and the SIDPP was 900 psi. The mud weight was gradually increased to 146 pcf and killed the well. Pipe rams were opened and the crew tried to pick up drillstring, but found that the pipe was stuck. The crew worked on the stuck pipe, pumping a grease pill without success. The decision was made to sidetrack the hole. As part of the proposed solution to this problem, a new formula was developed to avoid the shortcomings of the current conventional formula, which mainly depends on BaSO 4 as a weighting material.
EQUIPMENT AND TEST PROCEDURE
The new formulated drilling fluid was mixed using the highspeed Hamilton Beach Multimixer. Careful attention must be given to the mixing practice due to the high loads of solids. The high level of friction and subsequent particles agglomeration during mixing can deteriorate the formulated drilling fluid due to excessive heat and dehydration. Constant dilution with water is necessary during the addition of weighting material to thin the mud and compensate for any lost water during mixing. The rheology of the drilling fluid was taken immediately after mixing and before hot rolling (BHR). Then the fluid was hot rolled in HPHT stainless steel cells for 16 hours at 300 °F.
On the next day, the drilling fluid was mixed for 20 minutes, and its rheology was measured after hot rolling (AHR). The drilling fluid was pressurized in the HPHT cells to 500 psi and put in the oven at 300 °F for 24 hours to simulate static sag. Two different angles, at 0° and 45° from vertical, were used to test sag performance when the fluid was put in the oven; an inclined setup at 45° was used, Fig. 2 .
After aging, the free fluid at the top section was removed with a syringe. Then 10 cc was drawn with a syringe from the top portion and 10 cc was drawn from the bottom portion of the drilling fluid. The densities of the top and bottom sections of the fluid column were measured, and the sag performance factor was calculated as shown in Eqn. 5:
For a fluid to have good sag performance, the sag factor should be between 0.50 and 0.53. If the sag factor is higher 
Sag Factor =
ț bottom ț bottom + ț top than 0.53, the fluid will have a poor sag performance and particles will settle 9 .
RESULTS AND DISCUSSION
The mixing order and fluid formula for the new fluid with a ratio of 60/40 v/v% BaSO 4 /Mn 3 O 4 is given in Table 1 . KCl is added in a concentration of 4% (w/v%) to inhibit some shale formations, mainly smectite clays; because potassium cations (K+) can be easily exchanged with the sodium cations (Na+) found in the shale clay surface, as KCl makes a very good shale inhibitor. The mud also contains chrome-free lignosulfonates to control gel strength. Moreover, lignosulfonates are resistant to many drilling contaminants because of their thinning efficiency in the presence of large amounts of salt 10 . Table  2 shows the rheology measure of the new fluid BHR and AHR for 16 hours at 300 °F. Table 3 shows the fluid formula for the conventional fluid with BaSO 4 as the only weighting material. Table 4 shows the rheology of the conventional fluid BHR and AHR for 16 hours at 300 °F.
Vertical Sag Performance Test
The vertical sag performance test (0° from vertical) was conducted on the formulated drilling fluids -the new fluid at two densities and the conventional fluid -to analyze the weighting material separation of each. Figure 3 shows the upper section density, lower section density and the volume of free fluid separated from the drilling fluid after 24 hours of static aging for the different drilling fluids. Table 5 shows the sag factor for these drilling fluids. Results showed that blending BaSO 4 with Mn 3 O 4 reduced the likelihood of solids separation and vertical sag occurrence compared to using BaSO 4 as the only weighting material. The sag factor and density difference between the upper and lower section after 24 hours of vertical static condition was much less for the mix fluid (BaSO 4 and Mn 3 O 4 ) compared to BaSO 4 only. The rheological properties at high temperature (300 °F) were good and stable for the new fluid, as was HPHT fluid loss. Less friction and less dilution was needed for the BaSO 4 /Mn 3 O 4 mix compared to the conventional fluid.
Inclined Sag Performance Test
The inclined sag performance test (45° from vertical) was conducted on the formulated drilling fluids -again the new fluid at two densities and the conventional fluid -in the same way as the vertical test, but this time the cell was put on the inclined setup previously shown in Fig. 2 . Figure 4 shows the upper section density, lower section density and the volume of free fluid separated from the drilling fluid after 24 hours of inclined static aging. Table 6 shows the sag factor for these drilling fluids. Results showed that the newly developed fluid mix had better sag performance at an inclined static condition compared to conventional drilling fluid. conventional formula (only BaSO 4 is used) showed a density variation of 13 pcf. 3. For the inclined sag performance test (24 hours), the density variation between the upper and lower section was 6 pcf for the new formula (density = 150 pcf), while the conventional formula showed a density variation of 17 pcf. 4. Higher density variation was seen in an inclined position compared to a vertical position. Abdulaziz is a co-inventor in two granted U.S. patents and the coauthor of one Society of Petroleum Engineers (SPE) paper in the area of drilling. Ali is the coauthor of one Society of Petroleum Engineers (SPE) paper in the area of drilling fluids.
CONCLUSIONS
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